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Abstract
In this paper, the microstructural and textural characteristics of a series of nanocrystalline CeZrFeO2 (CZF) loaded with different 
concentration of Fe were reported. Nanocrystalline CZF was synthesized at room temperature using water-in-oil microemulsion 
method. The microstructure and textural properties of CZF nanocrystal were investigated using dynamic light scattering, x-ray
diffraction (XRD), and N2 adsorption–desorption analysis. The micelles size distribution of CZF samples, measured by dynamic 
light scattering, was found to be revealed almost similar trend of distribution pattern. More small size of micelles was formed at
higher Fe concentration. The micelles were distributed in a narrow distribution size, in the range of 6 to 44 nm. Xrd analysis 
proved that the face centered cubic of nanocrystalline CZF was successfully produced through the microemulsion synthesis, with 
the exposure of the samples at high calcination temperature for reduction was unnecessary. The influence of Fe loading on the 
modification of the microstructure and textural characteristics of CZF was clearly observed. Fe ions contributed in making the
degree of crystal lattice shrinking and provided a larger surface area with the increasing of Fe concentration. XRD patterns of 
&=)WHQGHGWRVKLIWWRZDUGORZHUșYDOXHZLWKLQFUHDVLQJ)HFRQFHQWUDWLRQZKLFKDWWULEXWHGWRWKHUHSODFHPHQWRI&HRU=ULRns 
with the smaller Fe ions in Ce-Zr structure. The clearer effect of Fe loading was observed in modification of Ce-Zr textural. The 
surface area and average pores size of CZF increased with increasing Fe concentration, while the particle diameter decreased. All
of CZF samples revealed the mesoporous profile (type IV) materials.
© 2015 The Authors. Published by Elsevier Ltd.
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1. Introduction
Ceria-based oxides (CeO2) have been recognized as the vital component and frequently used in Three Way 
Catalyst (TWC) because of their important role which can enhance oxygen mobility, thermal resistivity and noble 
metal dispersion (Melchionna & Fornasiero, 2014, Masakuni, et al., 2015, Hadi & Yaacob, 2007). In TWC system, 
ceria acted as the oxygen storage component (OSC) to mobilize and diffuse the oxygen species under fluctuate 
oxygen concentration in exhaust system (Hai, Y.C. & Hsiao, L.C., 2015, Zhan, et.al., 2014). It was well known that 
the incorporation of zirconia into ceria created the homogeneous solid solution and created the better properties, 
which stabilize ceria against sintering phenomenon when exposure to high temperature (Li et al., 2010, Dobrosz-
Gómez et al., 2013, Abdollahzadeh-Ghom et al., 2011). However, the OSC function of ceria-zirconia solid solution 
in TWC was not optimum. Due to the additional of zirconia in catalyst system, the concentration of ceria per volume 
of catalyst system became lower. Consequently, the total oxygen storage capacity of TWC was also reduced, 
resulting in the decreasing of oxygen mobility and diffusion. Hence, the optimization of OSC function of ceria 
became outstanding features and many researchers were attracted to explore the formulation and material 
modification to develop an efficient oxygen storage material. 
Many researchers reported that the addition of co-dopant materials such as transition metals into ceria-zirconia 
solid solution can enhance the oxygen mobility and might contribute to the improvement of its catalytic activity. It 
was due to the facts that the transition metals also have unique redox properties and able to act as an oxygen storage 
material (Wang et al., 2010, Wang et al., 2010b). The use of iron (Fe) as co-dopant and its effects on the properties 
of the Ce-Zr oxides solid solution have been investigated by many authors. Zhang et al., (2010) reported that the 
incorporation of iron (Fe) into ceria increased the catalytic activity for soot combustion compared to pure ceria. 
Similar findings were also published by Li et al., (2010b) that the incorporation of iron created better atomically 
homogeneous solid solution, this phenomenon might attribute to the better properties of oxygen storage materials. 
The different loading percentages of co-dopant materials gave a great influence on the properties of ceria-zirconia 
properties. The lower percentage loading of iron (1%) in ceria-zirconia system exhibited the better catalytic 
performance for oxidizing CO and HC and reducing NOx as reported by Li et al., (2011). While Tianshu et al., 
(2001) reported that the sintering temperature of CeO2 can be dramatically reduced by addition of small amount of 
Fe oxide. 
Nevertheless, it was well known that all of the materials properties will change when the size of materials reduce 
to nanoscale. For example, nanocrystalline ceria, about 10 nm or less in size, possessed greatly reduced grain 
boundary impedance and increased electronic conductivity. Fundamental defect and transport properties governed
these properties and, hence, the dominant role of interfacial defect formation gave rise to preferential reduction at 
grain boundary atomic sites of lowered oxygen vacancy formation energy. The concentration of oxygen vacancies 
was changed two orders of magnitude when the crystal size was increased from 4 to 60 nm. All such properties 
fundamentally depend on the defect thermodynamics and related electrical and mass transport properties of the 
polycrystalline solid that are strongly dependent on the synthesis and treatment procedures. On one hand, higher 
oxygen bulk mobility was expected due to the nanocrystalline size and the higher surface areas. These contributed to 
the higher OSC value of nanomaterials (Abdollahzadeh-Ghom, 2011).
Many new preparation techniques have been explored by the researchers to synthesize the mixed metals oxides
solid solution. There were included the co-precipitation, sol-gel and microemulsion method (Wang et al., 2012, 
Laguna et al., 2011, Qiao et al., 2010, Li et al., 2012). In the last decades, the microemulsion method had received 
much attention in recent years due to its unique characteristics. The microemulsion method was capable of 
producing high surface area for ceria-based oxides and enhancing catalytic activity. Microemulsion was a 
thermodynamically stable liquid solution, which contains oil, water and amphiliphile such that the surfactant is 
located at a certain boundary between oil and water phases (Malik et al., 2012). In addition, the droplet size of the 
microemulsion typically has a magnitude of approximately 10 nm. It was possible to control the composition of 
mixed oxides with the microemulsion method such as that for bimetallic particles, whereby the initial ratio of the 
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metal precursor concentration in the microemulsion corresponds to the final composition after the reduction of metal 
precursor (Boutonnet et al., 2008). The microemulsion method has been found to be the most suitable method to 
develop nanosize modified-ceria, which attribute to large surface area. The modified-ceria with large surface area 
can provide more active oxygen species, as shown in the following reaction, due to its smaller size effect, which is 
beneficial to oxygen mobility and diffusion (Khadzhiev et al., 2013).
Ce4+ ļ&H3+                                                                                                                                                   (1)
In this study, iron (Fe) has been selected as the co-dopant material with various percentages loading of 3, 5 and 7
wt.%. A series of nanocrystalline ceria-zirconia-iron (CZF) were synthesized via microemulsion method. The radii 
micelle microemulsions were measured by using the dynamic light scattering to control the nanoscale particle 
formed. While, the microstructure and textural properties of synthesized CZF nanomaterial were examined using 
XRD and N2 gas adsorption desorption analysis. 
2. Materials and Methods
2.1 Chemicals
The starting materials including cerium nitrate hexahydrate (Ce(NO3)3.6H2O), zirconium oxynitrate hydrate 
(ZrO(NO3)2.xH2O, and iron chloride hexahydrate (FeCl3.6H2O) were used as metals precursors and were all 
commercially supplied by Sigma-Aldrich Malaysia. Hexadecyltrimethyl bromide (HTAB, Merck) was used as 
surfactant, n-octane (Merck) as oil phase component and butanol (Merck) as co-surfactant. All chemicals were used 
without further purification. Deionized water and ethanol were used for washing to remove the remaining surfactant 
and organic contents.
2.2 Synthesis of Nanocrystalline CZF
In this study, water-in-oil (w/o) microemulsion method was used to synthesis nanocrystalline CZF. The synthesis 
procedure adopted was similar to the one reported by Abu Shah et al., (2014). In this typical procedure, two 
microemulsions of identical composition but different aqueous phase reactants were prepared. Microemulsion 1 
containing an appropriate ratio of cerium, zirconium and iron precursors were mixed with the HTAB, butanol and n-
octane under vigorous stirring until the cloudy solution turned transparent. The similar procedure was applied in 
microemulsion 2 containing the aqueous solution of NaOH as reducing agent. Both microemulsions were then mixed 
and stirred for 3 hours. The solution gradually turned pale yellow after stirred and aged for 24 hours indicating the 
dehydration and the formation of oxides of Ce-Zr-Fe. The excess liquids were then removed by centrifugation at 
10,000 rpm for 10 minutes and washed three (3) times with ethanol and de-ionized water successively. The 
precipitate particles were dried at 110 oC for 24 hours. Yellow fine powder of oxides of Ce-Zr-Fe (CZF) was 
obtained. The similar procedure was carried out in preparing the CZF with different percentage of Fe loading as 
shown in Table 1.
Table 1. CZF samples with different Fe percentage.
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2.3 Samples Characterization 
Micelle size distribution of microemulsion droplets were measured using a Malvern Zetasizer dynamic light 
scattering (DLS) and by applying the assumption of n-octane acted as a dispersion solution. The powder x-ray 
diffraction (XRD) analysis was carried out using a Rigaku Ultima IV diffractometer wiWK &X .Į UDGLDWLRQ Ȝ 
QPRSHUDWHGDWN9DQGP$ZLWKDVFDQQLQJUDWHPLQLQWKHUDQJHRIș WR7KHSKDVH
structures and lattice parameters were identified using the International Center Diffraction Data (ICDD) database. 
Crystallite size was calculated using Scherer’s equation, referenced to the most prominent peak. The textural 
properties were examined by N2 adsorption-desorption (Autosorb-1 Quanta Chrome Instrument TUSA).
3. Results and Discussion
3.1 Micelle size distribution
Figures 1(a-c) show the micelles size distribution patterns as the effect of different Fe concentration in the 
microemulsion systems observed using dynamic light scattering analysis. In average, the size distribution of all 
samples reveals almost similar trend of distribution pattern. The patterns slightly shift to the left with increasing Fe 
concentration. The synthesized CZF micelles are distributed in nanometer size with the narrow distribution of the 
micelles size in the range of 6 to 44 nm. CZF3 and CZF5 micelles are distributed in the range of 6 nm to 44 nm, 
while CZF7 micelles are spread in the range of 6 nm to 22 nm. The mean size of micelle is approximately about 
10.10 nm. The findings also exhibit the uniform and controlled size distribution of particles those are easily 
produced in microemulsion synthesis. It is well known that the formation of nanoscale micelles in the microemulsion 
system relates to the nucleation of the solid particles. The reactions between cations and anions take places inside the 
micelle droplets of microemulsion (nanoreactor) and the introduction of surfactant helps to prevent the rapid growth 
of particles, resulting in the formation of nanoscale particles (Malik et al., 2012). Therefore, the size of nanoparticles 
produced depends on the size of microemulsion droplet. In other word, the size and distribution of synthesized 
nanoparticles from microemulsion can be controlled by modification of the synthesis parameters. 
Fig. 1 Size distribution of CZF micelles (a) CZF3: (b) CZF5: (c) CZF7; (d) size distribution comparison.
ba
c d
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The comparison of the size distribution for all samples is showed in Fig. 1d. It clearly be shown that the patterns 
are slightly blue shifted (to the left) with increase of Fe concentration, indicating the effect of Fe concentration on 
the size distribution of CZF micelles. Approximately, 45.5 vol. % of CZF3 micelles are distributed in the range of 6 
nm to 10.10 nm, increase to be 49.7 vol% for CZF5 and 51.3 vol.% for CZF7. As well known, the size of the 
microemulsion droplets is influenced by the synthesis parameters, such as water to surfactant ratio, surfactant 
concentration, and nature of precipitation agents (Eriksson et al., 2004). In this study, the synthesis parameters are 
kept constant, therefore the change in the micelles size does not affected by the variation of synthesis parameters. 
The slightly decreasing in size of droplet is, most probably, due to the nature of the metals ions solution itself. 
According to Godeeris et al., (2006), the hydrodynamic radius (Rh) of microemulsion droplet relates to the synthesis 
condition and the nature of microemulsion. The droplet radius can be calculated by using Stokes-Einstein equation 
as follow. 
Rh = kTʌȘD               (2)
Where k is Boltzmann constant, T LV DEVROXWH WHPSHUDWXUHȘ LVYLVFRVLW\RI WKHFRQWLQXRXVSKDVHDQGD is the 
diffusion coefficient. By keeping T and D constant, the radius of droplet will be influenced by variation of solution 
viscosity. As the viscosity of solution depends on its density, it clearly explains the effect of reactant density on the 
size of microemulsion droplet. The viscosity of reactant in microemulsion increases with increase of Fe 
concentration due to the density of Fe higher than Ce and Zr metals (7874, 6689 and 6511 kg/m3 for Fe, Ce and Zr, 
respectively). Eriksson et al., (2004) reported that the size of final metallic particles will much depend on the size of 
microemulsion droplets. As previously discussed, the size of microemulsion droplet (Rh) was also influenced by 
variation of temperature as shown in Stokes-Einstein equation. Therefore to produce the small size particles, in this 
study, the synthesis procedure was carried out at room temperature.
3.2 Microstructures investigation
XRD patterns of a series of CZF are shown in Figure 2. The peaks of CZF samples are symmetrical, which 
suggest the homogeneity of the samples.  The patterns reveals only one typical reflections of a single face-centered 
cubic (fcc) phase of Ce0.8Zr0.2O2 with cell parameters of a = b = c = 5.3669 Å with a good agreement to the database 
pattern of ICDD No. 01-074-80647KHPDLQ SHDNV DUH LGHQWLILHG DW ș     DQG DQG DUH
assigned to the hkl planes of (111), (200), (311) and (222), respectively. This suggests the formation of 
nanocrystalline phase of CZF. No amorphous phase or unidentified peaks are detected in the patterns indicating the 
complete reaction, homogeneous solid solution and the well dispersion behavior of CZF samples. The similar 
finding has been reported by Li et al., (2010).
The peaks associated to Fe are also not detected in the patterns. It is possibly due to the low concentration of Fe in 
microemulsion mixture. Another possibility of the unidentified of Fe peaks is due to the Fe atoms are well dispersed 
in Ce-Zr structure.
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Fig. 2 XRD patterns of the series of nanocrystalline CZF
The broadening and low intensity peaks in xrd patterns implied that the crystallite size of CZF samples are very 
small and in nanometer scale. Jani, et al., (2013) reported that the broadening of the peak signified the hugeness and 
smallness of crystallite size are obtained. However, it was also observed that the angle peak (111) of CZF patterns 
became sharper with the increment of Fe loading, indicating the growing of crystallite. Meanwhile, the peaks were 
VKLIWWRZDUGORZHUșYDOXHV7KLVPD\DWWULEXWHGWRWKHVXEVWLWXWLRQRI=U4+ or Ce4+ ions with the smaller atomic size 
of Fe3+ ions in the crystal structure. The atomic size of Fe is slightly smaller than Ce and Zr which are 0.14 nm, 
0.185 nm and 0.155 nm, respectively. More observation found that the lattice parameter for the most intense peak 
(111) of the samples changed with the change of Fe concentration indicating the effect of the Fe on the crystal 
structure of CZF. However, due to the low concentration of Fe, the effect on the crystallite size was insignificant as
shown in Table 2. This result also revealed that the microemulsion method produces the homogeneous mixture of 
Ce4+, Zr4+, Fe3+ ions even though Fe loading increased.
In addition, the formation of a single fcc phase of CZF demonstrates the complete reaction between the reactant 
ions (Ce4+, Zr4+, Fe3+) contained in microemulsion 1 and reduction agent ions (OH-) in microemulsion 2 to produce 
mixed metals oxides. The collisions of droplets (reactants and reducing agent) befall during the continuous stirring. 
In this system, droplets act as the nanoreactors for the reactions (Lim et al., 2013). The collisions of droplets allow 
the reaction between reactants and reducing agent to take place inside of nanoreactor. The collisions also cause the 
size increment of the microemulsion droplet (nanoreactor) (Li et al., 2010b, Li et al., 2012). Consequently, the 
crystallite size of mixed metals oxides produced by the reaction became bigger than the size of micelles measured by 
dynamic light scattering as shown in Table 2. The crystallites size of CZR samples are distributed in a narrow 
distribution in the range of 13 to 16 nm. The crystallite size is calculated using Scherrer equation for the most 
prominent peak in the xrd pattern. No significant difference on the crystallite size can be observed as the effect of Fe 
concentration increment as reported for the droplets size.
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Table 2. Xrd characteristics of CZF samples.
Sample Crystallite size
(nm)
Angle 2ș Lattice parameter
(nm)
CZF3 13.30 28.937 0.3083
CZF5 15.80 28.581 0.3120
CZF7 15.80 29.099 0.3066
Xrd patterns also reveal the nanocrystalline phase of synthesized CZF samples. The formation of oxides metals is 
generated during the collisions of microemulsion. It is due to the availability of reducing agent in the microemulsion 
system. Therefore, the reduction of the metal ions into oxides metals occurs in the microemulsion system. It is also 
found that the oxides metals of cerium and zirconium are successfully synthesized without further calcination at high 
temperature. However, the degree of crystallinity of synthesized samples is low due to the availability of remains 
water and organic contents. The degree of crystallinity of CZF increases after the synthesized samples are dried and 
aged for 24 hours. A similar result is also reported by Li et al,. (2010b). Our previous study (Jani et al., 2013) also 
found that the final size of Ce0.75Zr0.25O2 nanoparticles produced using microemulsion also be affected by the 
calcination temperature. Increasing calcination temperature resulting in increased of particles size due to sintering 
and the formation of agglomerates at high temperature. However, it also found that the as-synthesized samples of 
CeO2 were completely transformed as nanocrystalline phase before exposure at high temperature of calcination. The 
metal oxide particles were reduced directly in the microemulsion system. Therefore, we concluded that the 
nanocrystalline phase of metal oxides nanoparticles can be produced using microemulsion without further 
calcination at high temperature. It was one of the advantages of using microemulsion method in synthesis of metal 
oxides nanoparticles as reported by Eriksson et al., (2004).
3.2 Textural characteristics
Generally, the high surface area and pore volume are very desirable for supporting catalysts because it provides 
available spaces, which is needed for the high space velocity catalytic reactions (Li et al., 2010, Guo et al., 2010).
Therefore, one of the goals of this study is to synthesize high surface area catalyst. The high surface areas CZF with 
the surface areas in the range of 212 to 223 m2/g are successfully synthesized using microemulsion method. The 
physical and textural characteristics of CZF samples analyzed using dynamic light scattering and N2 gas adsorption 
desorption are listed in Table 3.
Table 3. Textural properties of the series of nanocrystalline CZF








CZF3 10.96 212 102.30 2.81
CZF5 11.35 213 106.50 3.14
CZF7 11.26 223 132.30 3.46
The trend of surface area increases with the increasing of Fe percentage. It indicates the possibility of the 
incorporation of Fe into the Ce-Zr structure significantly decreases the lattice parameter of the sample. Fe ions 
segregate gradually because of the ion radius of Fe is smaller than Ce or Zr ions. This causes the degree of crystal 
lattice shrinking and attribute to the narrow distribution of particles size (Zhang et al., 2010). It is well known that 
the smaller size particle provides larger surface area, resulting in increment number of active site and increase of the 
dispersion of active catalysts (Guo et al., 2010). The highest surface area of 223 m2/g is obtained for CZF7.
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Another significant effect of the additional of Fe concentration on the CZF characters is the contribution to the 
increasing the total pore volume of samples. As well known, the higher total volume of the support catalyst promotes 
the higher number of catalyst to be loaded into the pores. Consequently, the activity of reactions in the catalyst 
system will enhance. As shown in Table 3, despite the pore size of samples slightly increase, the total pore volume 
of samples, in reverse, increases with increasing Fe concentration. It is predicted due to the smaller size of Fe ions 
contributes to the formation of a numbers of micro size pores in the CZF nanoparticles. The influence of Fe 
concentration can be also seen in the isotherm profiles of the samples.
Fig. 3 Isotherm profiles of the series of nanocrystalline CZF.
Isotherm profiles of nanocrystalline CZF are shown in Figure 3. It clearly shows that all isotherms reveal the 
mesoporous profile (Type IV), indicating the CZF is a mesoporous material. The mesoporous trend of samples is 
also indicated by the size of the pore. In average, the pore size of the samples is distributed in the range of 2.81 to 
3.46 nm that can be categorized in the meso pores size. Therefore, it can be concluded that the synthesized CZFs are 
the mesoporous materials.
It is also indicated in the patterns that the volume of gas adsorbed at the first point of p/po of isotherms increases 
with increment of Fe percentage. The high volume of the gas absorbed at the points is predicted due to the 
availability of micro-size pores on the surface of CZF. It is well known that the micro pores size provide higher 
surface area of materials. Therefore, it can be concluded that the surface area of CZF samples increases with 
increasing Fe concentration.
4. Conclusions
A series of nanocrystalline CZF with different percentage loading (3 wt.%, 5 wt.% and 7 wt.%) of Fe oxides was 
synthesized via microemulsion method. The effect of Fe concentration on the modification of microstructure and 
textural characteristics of Ce-Zr-Fe oxide solid solution was studied. The important findings of this study can be 
summarized as follows:
• The microemulsion micelles were distributed in nanometer size with the narrow in the range of 6 to 44 nm. The 
measured most dominant micelle size is about 10.10 nm.
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• Increasing the Fe concentration attributed to increasing the number of smaller micelles in microemulsion. 
Approximately, 45.5 vol. % of CZF3 micelles were distributed in the range of 6 nm to 10.10 nm, increased to 
49.7 vol.% for CZF5 and 51.3 vol.% for CZF7.
• Face centered cubic nanocrystalline CZR with the crystallite size in the range of 13 to 16 nm was successfully 
synthesized at room temperature without exposure to further calcination at high temperature.
• Despite no significant effect of Fe loading on the crystallite size was observed, the degree of crystal lattice 
shrinking by increasing Fe concentration, indicating the modification of CZR crystal structure by insertion of Fe
ions in Ce-Zr structure. 
• Isotherm profiles of nanocrystalline CZF reveal the mesoporous profile (Type IV), indicating the CZF was a 
mesoporous material.
• The surface area and average pores size of CZR increased with increasing Fe concentration in the range of 212-
223 m2/g.
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